ABSTRACT: Rates of nitrate (NO 3 -) reduction to nitrogen gas (N 2 ) and ammonium (NH 4 + ) were measured in August and December 1999 on intact cores (Laguna Madre and Baffin Bay, Texas) using flowing seawater enriched with 15 NO 3 -
INTRODUCTION
The relative partitioning between the 2 major pathways of nitrate (NO 3 -) reduction can help determine the degree of available nitrogen (N) conservation in shallow estuaries (Tiedje et al. 1982 , Sørensen 1987 , Jørgensen 1989 , Patrick et al. 1996 , Tobias et al. 2001 ). When NO 3 -is consumed by denitrification, 'total available' N is decreased since the final product (N 2 gas) is less available for biological production than ammonium (NH 4 + ) or NO 3 - (Howarth et al. 1988) . However, if NO 3 -is used during dissimilatory NO 3 -reduction to NH 4 + (DNRA), N will be conserved in a form that is available to organisms (Koike & Hattori 1978 , Jørgen-sen 1989 , Patrick et al. 1996 . Although the occurrence of DNRA has been demonstrated in marine sediments (e.g. Koike & Hattori 1978 , Sørensen 1978 , Tobias et al. 2001 , the ecological significance of the process is not understood (Sørensen 1987 , Cornwell et al. 1999 . DNRA rates may be as high as denitrification in shallow estuaries and tidal flat sediments (Koike & Hattori 1978 , Kasper 1983 , Jørgensen 1989 , Rysgaard et al. 1996 , Bonin et al. 1998 , Tobias et al. 2001 .
Laguna Madre/Baffin Bay is the largest estuary in Texas but receives no major river discharges. Despite the lack of known nutrient inputs, this region is nutrient replete and has suffered from a long lasting bloom of Texas Brown Tide. This monospecific algal bloom of . The combination of membrane inlet mass spectrometry (MIMS) and high performance liquid chromatography (HPLC) allowed accurate and simple estimation of these 2 dissimilatory pathways of NO (Sørensen 1987 , Jørgensen 1989 , Binnerup et al. 1992 , Bonin et al. 1998 . Although acetylene inhibition for denitrification measurement is simple and sensitive, problems are associated with the technique including its inhibition of coupled nitrification-denitrification (Knowles 1990) . Membrane inlet mass spectrometry (MIMS) allows accurate and simple measurement of N 2 :Ar changes due to denitrification (Kana et al. 1994) . (Nielson 1992) . In addition, the simultaneous measurement of N fixation and denitrification is feasible . Using the modified MIMS and high performance liquid chromatography (HPLC) to measure 15 NH 4 + in water samples (Gardner et al. 1995) , we could measure the 2 major NO 3 -reduction processes (denitrification and potential DNRA) in Laguna Madre/Baffin Bay with a flow-through sediment incubation chamber (Kana et al. 1994 , Lavrentyev et al. 2000 . Here, we report the results of sediment incubation experiments conducted in August and December 1999 and discuss the potential interaction between the fate of NO 3 -and the presence of sulfide, which occurs in the study region.
MATERIALS AND METHODS
Laguna Madre/Baffin Bay is a shallow, semi-enclosed estuary located in southern Texas. Water exchange with the Gulf of Mexico is limited and it is a negative estuary where freshwater input is less than evaporation (residence time = 1 yr). The salinity is often more than 40 ppt and may reach up to 60 ppt (Buskey et al. 1998) . Four stations in Laguna Madre and Baffin Bay were selected to measure water column characteristics (temperature, salinity and dissolved oxygen using a Hydrolab ® ) and conduct sediment core incubation experiments (Fig. 1) . Stn B24 in Baffin Bay has a depth of 2.2 m and represents the deepest part of the bay. Stn B6 is shallow and the salinity of the overlying water was higher than B24. The sediment type at Stn B24 is fine clay, whereas Stn B6 has a high sand content ( ) with bottom water were collected using SCUBA gear. Within 3 h of collection, the cores were transported to the laboratory and a flow-through plunger with Teflon inlet and outlet tubes was installed over each sediment core (Lavrentyev et al. 2000) . The flow-through chamber setup consisted of an intake water vessel, Teflon flow tubes, a peristaltic pump, a temperature controlled incubation bath and a sample collection vessel. Sediment cores were placed in the incubation bath at in situ temperature, and bottom water collected from the site was passed over the core surface at a rate of 1.2 ml min Kana et al. (1994) and described in . The MIMS is equipped with quadruple mass spectrometer detection via a Channeltron/Faraday secondary electron multiplier (Balzers ® Prisma QME 200). By using MIMS and Ar as an internal standard, errors associated with dissolved gas extraction and atmospheric contamination are reduced. The MIMS procedure is also fast, simple and precise (Kana et al. 1994) . We modified the method of Kana et al. (1994) 1996). Jensen et al. (1996) suggested that a linear relationship occurs between amu 30 and (amu 28 × amu 32), but we found that (amu 28 × amu 32) 0.5 exhibited a better regression with amu 30 than (amu 28 × amu 32) ( + is quantified by comparing the size of the sample NH 4 + peak to that of the internal standard. This procedure is convenient to measure NH 4 + concentration and isotope ratio in water. The sample filtrate is injected directly into the HPLC system without the need to isolate the NH 4 + from the water and convert it to N 2 gas before analysis as is required for mass spectrometry. Sediment flux was calculated based on the concentration difference between feed water and outflow water, flow rate, and cross-sectional area (Lavrentyev et al. 2000) .
RESULTS
The dim light condition did not cause significant light effects so data from the 2 treatments (dark and dim light incubation) were combined. Light effects were also not observed during an in situ sediment core incubation experiment using light-dark benthic chambers in the study area (An & Gardner 2000 (Fig. 3d) and for 6 d in Baffin Bay (Fig. 3c) . SOD increased significantly in Baffin Bay Stns B6 and B24 on Day 6 (4 d after the 15 NO 3 -addition) relative to Day 3 (1 d after the addition; Fig. 3c ; t-test p < 0.05). In Laguna Madre, SOD was not significantly different on Day 2 (1 d after addition) from Day 3 ( Fig. 3d; t- (Fig. 4c) . At Stns L155 and L189, 15 NH 4 + flux increased significantly on Day 3 versus Day 2 of the incubation (Fig. 5d) . Except for these incidents, the increases in fluxes over time were not significant (Figs. 4 & 5c, d (Gardner et al. 1995) .
Before the addition, a small NO 3 -flux out of the sediments was observed at all stations during both seasons. After the addition, NO 3 -fluxes into the sediment were high (up to 370 µmol m -2 h -1 ) are in the range of those reported for other coastal marine environments (Seitzinger 1988 , Herbert 1999 ; Zimmerman & Benner 1994) were comparable to our measurements although the gas purging denitrification method is problematic because of extended incubation times required to remove atmospheric N 2 (see reviews in An & Joye 1997 , Cornwell et al. 1999 . Results from other denitrification measurements using the gas purging N 2 flux method in Texas estuaries are also similar to the rates of this study (4 to 71 and 4.6 to 35 µmol m -2 h -1 for Nueces and Guadalupe estuaries, respectively; Yoon & Benner 1992) .
In April 1999, denitrification rates were measured in Laguna Madre and Baffin Bay using the same experimental setup as in the current study without Water column chl a concentration was highest in April 1999 and decreased in August and December 1999 in Laguna Madre/Baffin Bay (T. Villareal unpubl. data), suggesting a tight benthic-pelagic coupling. Low concentrations of available organic carbon would limit heterotrophic activity even under favorable temperatures. Since denitrification is a heterotrophic process, low organic matter availability could also limit denitrification rates (Koike & Sørensen 1988 , Cornwell et al. 1999 . Another explanation for the low summertime denitrification rates could be sulfide inhibition (Gould & McCready 1982 , Jensen & Cox 1992 , Joye & Hollibaugh 1995 . Anoxic regeneration would increase as oxygen is consumed. In a saline estuary like Laguna Madre/Baffin Bay (salinity during this study = 25 to 38 ppt), sulfate reduction is a major anoxic process and sulfide (the product of sulfate reduction) concentrations in porewater may increase under low oxygen conditions (Morse et al. 1992) . Sulfide is toxic to many sediment bacterial processes including nitrification and denitrification (Gould & McCready 1982 , Jensen & Cox 1992 , Joye & Hollibaugh 1995 . Due to the shallow water depth, the water column was well mixed, even in August 1999 (Table 1) , but oxygen penetration-depth of the sediment may have decreased during summer at times when conditions were stable. Although porewater sulfide concentrations were not measured in the current study area, high sulfate reduction activity near the sediment water interface (43 to 112 mmol l -1 yr -1 in June 1988; Morse et al. 1992 ) and high porewater sulfide concentrations (up to 5500 µM in June 1988, Morse et al. 1992 ; 102 to 160 µM in July 1996, Lee & Dunton 2000) occur in this region. It is also possible that salinity-induced inhibition of denitrifying activity by physiological effects other than sulfide inhibition could explain the low denitrification activity in saline estuaries like Baffin Bay and Laguna Madre (Rysgaard et al. 1999) . Additionally, 15 NO 3 -may have converted to 15 N 2 O by incomplete denitrification in a high sulfide environment (Brundet & Garcia-Gil 1996) . Although the production of 15 N 2 O was not quantitatively measured, 15 N 2 O signals (amu 46) were within background levels, suggesting that large amounts of 15 N 2 O were not produced during the measurement.
In winter, denitrification rates were not significantly different from zero, and N 2 flux into the sediment due to N 2 fixation was visible in Laguna Madre. ) may provide a conservative estimate of net N 2 fixation in this area because our incubation was done under dark or low light conditions (Joye & Paerl 1994 Koike & Hattori [1978] and this study, respectively) and the experimental setup was different, 15 NH 4 + production rates were comparable to those measured in Koike & Hattori (1978;  5 to 228 µmol m -2 h -1 , assuming 0 to 3 cm depth integration and 2.3 g cm -3 bulk sediment density). Higher production rates (800 to 3200 µmol m -2 h -1
) were observed with a high 15 NO 3 -enrichment (~700 µm, assuming 0 to 4 cm depth integration; Jør-gensen 1989). Our rates were much lower than those from a sediment slurry incubation (~2300 µmol m -2 h -1 ; assuming 0 to 12 cm depth integration; Sørensen 1978) with a similar 15 NO 3 -enrichment (~100 µM). Reducing conditions favor DNRA over denitrification, and slurry experiments tend to have higher DNRA rates compared to intact core experiments (Kasper 1983) . In our study, DNRA rates were higher than denitrification rates even though intact cores were used for incubation and O 2 concentration in the water column was maintained at more than 80% of saturation. Thus, it seems unlikely that this high DNRA partitioning over denitrification resulted from reduced conditions in the sediments as suggested by Kasper (1983) . We do not believe that the high partitioning of NO 3 -to DNRA was a result of 15 NO 3 -enrichment. NO 3 -enrichment should not only stimulate denitrification and DNRA but can be expected to favor denitrification over DNRA (Søren-sen 1987) . Additionally, since DNRA bacteria have a higher K m (half saturation concentration, 100 to 500 µM NO 3 -; Jørgensen 1989) than denitrifiers (5 to 10 µM NO 3 -; Jørgensen 1989), the enrichment level in our study (~100 µM) should firstly favor denitrification rather than DNRA if denitrification was limited by NO 3 -availability. Low denitrification and high DNRA were observed during summer in a French coastal lagoon (Rysgaard et al. 1996) . Sulfate reduction was high and low denitrification rates were attributed to inhibited nitrification. High DNRA was attributed to the presence of sulfate reducing bacteria, which have DNRA capacity as a secondary metabolism (Rysgaard et al. 1996) . This observation agrees with those of King & Nedwell (1985) and Jørgensen (1989) . DNRA may be favored in environments where NO 3 -availability is variable because DNRA bacteria have constitutive enzymes (Jørgensen 1989) .
Chemolithoautotrophic bacteria that use reduced sulfur compounds as an electron donor and reduce NO 3 -to NH 4 + have been reported (Schedel & Truper 1980) , but the ecological significance of the process is not known (Sørensen 1987) . NH 4 + production rates coincided with NO 3 -and H 2 S depletion rates in sediment slurry experiments enriched with NO 3 -and different forms of sulfur compounds (Brundet & GarciaGil 1996) . Whereas denitrification was incomplete (the final product was N 2 O instead of N 2 ), DNRA occurred in the presence of high sulfide concentrations. In contrast, denitrification was the major NO 3 -sink when sulfide concentrations were low (Brundet & Garcia-Gil 1996) . Abundant populations of NO 3 --storing sulfur bacteria of the genera Thioploca, Beggiatoa and Thiomargarita have been reported in sediments of coastal upwelling regions (Schulz et al. 1999 , Graco et al. 2001 . A chemolithotrophic coupling of NO 3 -and sulfide through NO 3 --storing sulfur bacteria may be a widespread feature of coastal sediments (Schulz et al. 1999) .
Along with the high sulfide concentrations that occur in this region (Lee & Dunton in press) , our data support the idea that sulfide could influence DNRA at both of our sampling sites. Being a negative estuary where evaporation exceeds precipitation, salinity in Laguna Madre/Baffin Bay is high and sulfate reduction may be a major organic-matter degradation process. Higher DNRA observed in Laguna Madre versus Baffin Bay (Table 2) could result from high sulfide reduction activity fueled by seagrass detritus (Rysgaard 1996 , Eldridge & Morse et al. 2000 , Graco et al. 2001 ). Fig. 6 shows how sulfide may influence N transformations in this system. High sulfide concentrations may inhibit nitrification and keep NO 3 -availability low. Since denitrification is inhibited by sulfide, any NO 3 -that is present will be available for DNRA rather than denitrification. Inhibition of denitrification can explain the enhanced DNRA that we observed, even though the K m for DNRA bacteria is higher than for denitrifiers, and 15 NO 3 -enrichment was low. Although high sulfide concentrations inhibit nitrification and denitrification, sulfide may fuel DNRA by providing an electron donor. High SOD, high DNRA and low denitrification rates in Laguna Madre compared to Baffin Bay support this hypothesis.
The -reduction capability as a second metabolism (Rysgaard et al. 1996) . The 15 N content in organic matter was not measured in our study but it is reasonable to speculate that a loss to organic N production could account for some of the lost 15 NO 3 -, even though the proportion may be small (Jørgensen 1989 ; 2 to 4%). Our average recovery of 56% was similar to that in Norsminde Fjord, Denmark (Jørgensen 1989) . However, the proportion of DNRA (recovered as 15 NH 4 + ) was higher (42%) than values reported by Jørgensen (1989; 22%) . Recovery via denitrification in our study was 14%, which is lower than the Jørgensen (24%; 1989) or Kasper values (70 to 95%; 1983) .
Sulfide-inhibited denitrification and sulfide-induced DNRA would contribute to the preservation of N in Laguna Madre/Baffin Bay. Preserved N may sustain biota in this region when other nutrient inputs are absent. It also may explain apparent phosphate limitation of primary production observed at times in the region (Dr. J. Cotner, University of Minnesota, pers. comm. & Garcia-Gil (1996) 
